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by ballistic-electron-emission microscopy and spectroscopy
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Ballistic-electron-emission microscoBEEM) and spectroscopy have been used to investigate the
properties of Au/GaN interfaces. The effectsiofsitu and ex situannealing on the starting GaN
surface were examined, with the aim of increasing the surprisingly low value of interface electron
transmission observed in previous BEEM measurements. BEEM imaging and spectroscopy have
demonstrated that much higher, more uniform transmission across the Au/GaN interface can be
achieved. However, while methods were identified that increase transmission by more than an order
of magnitude, BEEM spectroscopy indicates that annealing can substantially alter the Schottky
barrier height. These barrier height changes at moderate temperatures are attributed to vacancy
diffusion. © 2000 American Institute of Physids$S0003-695(00)03113-2

Devices based on GaN and related group Il nitridesspectroscopy. These results illustrate the high degree of con-
continue to develop, and the need for a more complete urtrol over metal/GaN interface barrier height obtainable by
derstanding of the material and interface properties of GaNhermal processing.
has become increasingly important. Many properties of GaN  Most previous BEEM measurements on GaN yielded no
are still not completely understood, and the presence of higbetectable current. However, successful results were
defect densities limits the ability of macroscopic probes toachieved on material grown at Rockwell Science Center, as
extract fundamental electronic properties. The difficulties endescribed elsewhere in more defaithe n-type GaN was
countered in growthand surface preparatibf have been grown by metal-organic chemical vapor deposition on a
extensively reported. Devices such as high-power amplifier000))-oriented sapphire substrate. After growth, the GaN
and ultraviolet photodetectors require high-quality interfacesvafers underwent a rapid thermal ann€aiTA) in N, for
to be formed to the nitrides, underscoring the need for high90 s in order to process Al ohmic contacts. Some results on
resolution characterization of interface properties. material that did not receive this RTA will also be discussed.

Ballistic-electron-emission microscopyBEEM)* was For BEEM experiments, wafers were diced into 4 mm
developed from scanning tunneling microscd®fM)°® as a  squares and were transferred into a nitrogen-purged glove-
method for applying the high spatial resolution of STM to box for cleaning. Samples were spin etched in this glovebox
subsurface characterization. BEEM provides precise meand directly transferred into the load lock attached to the
surements of interface barrier height, other features of intetdHV evaporation chamber.
face band structure(such as higher conduction band Annealing of GaN was performed either in, dr in
minima), interface transmission efficiency, and interface het-UHV prior to Au deposition. Annealing in Nwas done in
erogeneity. the sample preparation glovebox. The GaN was then trans-

Because of its high spatial resolution and spectroscopiterred directly into vacuum for Au deposition. Alternatively,
capabilities, BEEM is a valuable method for characterizingannealing was done after transfer into the Au evaporation
interface quality. Previous BEEM investigations of metalchamber. The sample was mounted to a resistively heated
contacts on GaN have shown hot-electron transmissioholder, and temperature was measured using a thermocouple.
across the metal/semiconductd®d/S) interface to be weak, The sample required approximately 2 min to cool to less than
as much as two orders of magnitude lower than expected fak00 °C, after which it was transferred to a second sample
an ideal interfac&’ The difficulty of achieving a clean sur- holder for Au evaporation. BEEM measurements were per-
face by chemical metho@3 has led to further work involv-  formed at room temperature in a nitrogen glovebox. Usually,
ing annealing of the GaN surface both before and after trangnany spectra from a given sample were averaged together in
fer to ultrahigh vacuum(UHV) for metal deposition and order to decrease the noise level in the data. Tunnel current
Schottky contact formation. This letter describes the effectgvas 2 nA unless otherwise indicated.
of annealing on both barrier height and interface uniformity ~ Previous BEEM resulfswere for GaN surfaces that had
of Au/GaN contacts, as determined by BEEM imaging andoeen spin etched using 1:10 HCl.ethanol, followed by direct

sample transfer from the glovebox into vacuum for Au
dAuthor to whom correspondence should be addressed; electronic maiﬁvaporatlon' Figure 1 Ilqutrates a typical BEEM spectrum
dbell@vaxeb.jpl.nasa.gov or these samples. Sub-picoampere currents were usually ob-
PPresent address: Cree, Inc., Durham, NC 27703. served, and the spatial variation of the current was substan-

0003-6951/2000/76(13)/1725/3/$17.00 1725 © 2000 American Institute of Physics
Downloaded 20 Jun 2001 to 137.79.68.91. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



1726 Appl. Phys. Lett., Vol. 76, No. 13, 27 March 2000 Bell et al.

0.30 ———r————————————— 7 —
] 5| <
025 [ Au(6nm)/GaN ] Au(8nm)/GaN
z HCl only 1 ~ | UHV ANNEAL
D_ <
020 =4r i
=T ]
3 = (b)
€ sb ] Wal T=580°C
) 1
: ' S
o ]
oo y o2
5 @)
m Vp=1.224V 5 ,5=0.938 V4
— 005 [ S
o) V1=1.064 V il 1
o T ] a V=0.690 V
0.00 ] © 0 Vps=1.119 V
T " Vy=0.922 V
1.0 1.5 1L N N N " 1 " 2 " " 1
TUNNEL VOLTAGE (V) 0.5 1.0 15

_ TUNNEL VOLTAGE (V)
FIG. 1. BEEM spectrum for A6 nm/GaN, for which the GaN was pre-

pared usin_g HCl.ethanol in a nitrogen glovebox. Also shown is a two-g|G. 2. BEEM spectra for two different A nm/GaN samples(a) Spec-
threshold fit to the data. trum for a sample annealed in UHV at 340 °C for 15 min. Current is con-
siderably enhanced relative to the spectrum in Fig(bl.Spectrum for a
sample annealed at 580 °C. Here transmission is increased further, and bar-
tial. Schottky barrie(SB) height was uniform, however, and rier height is substantially decreased.

a value of 1.06:0.02eV was reproducible. Spectra dis-

played an unexpected shape consistent with the presence of a )
second conduction band minimum about 0.2 eV above thiCtS were evaporated, produced samples that displayed the

lowest minimum, which was also reproducible. The second2M€ lowered threshold as that for the initial annealed
threshold is required to obtain a good fit to the data, and iE2MPe- o _

can be more clearly seen in less heavily averaged spectra. BEEM interface transmission also increased further for
Occasional high-current areas were also observed, similar §/€S€ higher annealing temperatures. Current for Rig. i
those previously reportédind correlated with GaN defects. MOre than an order of magnitude higher than in Fig. 1. At

These were infrequent, and were excluded from the analysduivalent energies above the SB, for exampleyatV,,
presented here. =0.5V, current is still nearly a factor of 10 higher than for

Although other chemical treatments were investigated?hemica”y prepared GaN. Similar results were observed for
none resulted in significant improvement in interface trans@nnealing in N prior to Au deposition.
mission. Boiling aqua regia has been used by other groups !Mmaging on these annealed samples showed uniformly
and has been found to be effective in GaN surfacdlgh transmission, except in areas of apparent large-scale
cleaning®° This method was evaluated by aqua regia cleancontamination. Figure 3 shows a STM/BEEM image pair
ing in air prior to the glovebox HCI spin-etch procedure. from the same sample as that from which the spectrum in
This procedure did not lead to a large improvement in interFig. 2b) was obtained. Except for a large area to the left
face transmission. In fact, BEEM collector current is nearlywhere transmission is nearly zero, current is fairly uniform at
the same as for HCI cleaning alone. an average value of about 5 pA, in good agreement with the

The effect of annealing of the GaN was much more pro-value obtained from Fig.(®).
nounced. Samples were spin etched with HCl/ethanol prior ~ This increase in interface transmission by an order of
to annealing. Annealing was done in UHV or in, Nrior to ~ magnitude is substantial and reproducible. Previous work has
Au contact deposition, with similar results for both proce-€evaluated the effectiveness of various surface cleaning pro-
dures. For lower annealing temperatures360 °C for up to ~ cedures for GaN! and conventional measurements of the
30 min), BEEM transmission increased substantially. FigureAu/GaN SB height have been found to depend critically on
2(a) is a spectrum for Au/GaN where the GaN was annealedhe GaN surface preparation’?~**It has been found than
in UHV at 340 °C for 15 min. SB height remained relatively Situ thermal cleaning is more effective than chemical treat-
high, although reduced relative to unannealed samples. Fonents, although none of these procedures produces a
annealing between 350 and 600 °C, a further decrease in S®ntamination-free surfaéeNitrogen ion bombardment can
height resulted, with lower barrier heights for higher annealproduce a clean surfacéalthough at the expense of surface
ing temperatures. Figureld shows a BEEM spectrum ob- damage. Most work on the effects of annealing on M/S con-
tained on a Au@8 nm)/GaN sample for which the GaN had tact properties has been for purposes of ohmic contact for-
been annealed at 580 °C. Here, the SB height has been reation, in which the annealing occurs after metal
duced to about 0.70 eV. Increased noise in the spectrum @eposition'® the effect of prior annealing on SB interfaces
due to the low barrier height, producing high leakage currenhas been less thoroughly investigated. The present BEEM
and lower signal-to-noise ratio for current measurement. results show that Au/GaN interface transmission is much

The lowering of SB height upon annealing was not alarger and much more uniform for thermal surface treatments
reversible process. Subsequent air exposure and chemidhlan for chemical cleaning, although still somewhat lower

cleaning of an annealed wafer chip, onto which new Au conthan expected for an ideal interface.
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FIG. 3. STM/BEEM image pair for Au/GaN annealed at 580 °C. Imaged

area is 196110 nm.(a) STM image obtained at a tunnel voltage of 0.5 V
and a current of 1 nA. Grey scale covers a 5.3 nm height raby&EEM
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image obtained at a tunnel voltage of 1.6 V and a current of 2 nA. Average
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seen here for GaN which underwent an initial RTA in nitro-
gen before further processing. This suggests that the RTA
creates an excess of near-surface Ga vacancies, due to loss of
surface Ga at high temperatures. While short anneals allow
relatively little diffusion to occur, lower-temperature, longer-
duration annealing tends to restore thermodynamic
equilibrium'® for both as-grown and RTA-processed GaN,
and to move the SB height to a common value.

In conclusion, the effects of annealing on Au/GaN SB
structures have been investigated using BEEM spectroscopy
and imaging, with the goal of increasing transmission across
this interface. Annealing at moderate temperatures yields an
increase in interface transmission of about an order of mag-
nitude compared with other samples, although transmission
is still lower than expected. Higher annealing temperatures
cause a substantial change in SB height, the direction of
which depends on previous thermal processing. High-
temperature rapid thermal annealing in nitrogen before con-
tact formation produces a large increase in SB height com-
pared with that on as-grown GaN, with a measured change of
nearly 0.5 eV. These barrier height changes are interpreted in
terms of creation of vacancies or their diffusion toward the
GaN surface.
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